Figure 1. Proteasomes from Eukaryotes and Archaea
Magenta, regulatory complex. Blue, core particle. Green, slice surface. Red dots, active sites. Cyan dots, N termini. Note that in (C) and in Figure 2F , cyan indicates the most N-terminal residue visualized, Thr-13 and Ser-11, respectively. (D)-(E) compiled with assistance of L. Ditzel and R. Huber. (A) Electron micrograph of proteasome holoenzyme from a representative eukaryote (X. laevis). (B) Medial cut-away view of the T. acidophilum proteasome core particle (Baumeister and Lupas, 1997) . The lumen is divided into three chambers, and the central chamber contains the peptidase active sites (red). (C) Ribbon diagram of two T. acidophilum ␣ subunits, showing the structure of the pore channel. (D) Cut-away view of the S. cerevisiae proteasome core particle. (E) Ribbon diagram of two S. cerevisiae ␣ subunits (Left: Pre10/Prs1; Right: Pre9/Y13). The N termini of these subunits are shown to occlude the channel.
gating of the channel, at least in the case of the proteaProkaryotic ATP-Dependent Proteases The N termini of the ␣ subunits are disordered and not some. Evidence for a closed state of the channel was provided by the structure of the yeast core particle.
visualized in the T. acidophilum proteasome crystal. Because these segments must be present near or within Remarkably, it shows no evidence for any opening into the lumen ( Figure 1D ). The presumed entry site of the the channel ( Figure 1C ), the channel may not be as open as it appears. A well-defined channel has been found channel is occupied by the N termini of five ␣ subunits, which converge in an irregular pattern near the center in HslV, the core component of the HslVU protease of E. coli ( Figure 2A ; Rohrwild et al., 1997) . A single gene of the cylinder's face ( Figure 1E ). The channel could potentially be opened by an outward migration of the N product, arranged into two six-membered rings, forms the core complex ( Figure 2B ). The bulk of its structure termini.
The simplest mechanism for gating of the yeast chancan be neatly superimposed on those of the proteolytically active ␤ subunits of yeast and T. acidophilum pronel is one in which it is directed by assembly of the core particle and the regulatory complex to form the 26S teasomes ( Figure 2B ; Bochtler et al., 1997) . At the cylinder face, however, its structure mimics that of the ␣ proteasome. This type of gating would be analogous to assembly-dependent formation of the Sec61 protein rather than ␤ subunits insofar as the HslV subunits converge to form a channel whose diameter exceeds that translocation channel of the ER (Hanein et al., 1996) . A more interesting possibility is that the channel can of the T. acidophilum channel by only 2 Å ( Figure 2C ). HslV and the proteolytically active subunits of T. acidassume open and closed states within the holoenzyme as well. In the case of Sec61, the assembled complex ophilum and S. cerevisiae are founding members of a novel protease family, the threonine proteases. Another is subject to gating, which is controlled by the presence of nascent polypeptide. Proteolytic substrates might novel feature of these subunits is the placement of the active site threonine directly at the N terminus of the similarly regulate gating of the proteasome holoenzyme. Other ligands of the regulatory complex, such as ATP protein. Do evolutionarily unrelated ATP-dependent proteases also have protein translocation channels? There and multiubiquitin chains, could also potentially influence the state of the channel.
are dramatic structural differences between HslV and the ClpP protease of E. coli ( Figures 2C and 2F) , and for peptide bond cleavage, and unrelated core components, they share one basic feature: a barrel-like structhe active-site nucleophile in ClpP is Ser-97 rather than Thr-1 (Table 1 ). Yet ClpP conforms to the pattern in ture with closely packed side walls and an axial channel that is narrow enough to exclude folded proteins from forming a cylindrical structure with narrow, 10-Å channels at the faces ( Figure 2E ; Wang et al., 1997) . With a the lumenal domain. In all cases, ATPase-containing regulatory complexes (Gottesman et al., 1997) cover the disordered N-terminal domain in the region of the channel ( Figure 2F ), it calls to mind the T. acidophilum strucouter port of the channel and presumably regulate the entry of substrates into the lumen. Although axial chanture particularly.
The example of ClpP illustrates that, while ATP-depennels may be a general feature of ATP-dependent proteases, the structural features of the channels vary. An dent proteases may have distinct catalytic mechanisms internal loop forms the channel in HslV, whereas the dependent proteases that now mediate most selective degradation of protein substrates. The channels may other channels are formed by N-terminal segments. Only have served originally as protein-excluding molecular in the case of yeast is the channel fully occluded in the sieves but became sites for highly selective protein crystal structure in a manner that suggests a gating translocation when coupled to ATP-hydrolyzing regulamechanism (Groll et al., 1997) . tory complexes. With the development of such regulaTwo Classes of Compartmentalized Proteases tory complexes, substrate recognition was displaced Recently, two other intracellular proteases, the Gal6 profrom the proteolytically active subunits to the ATPases. tease of S. cerevisiae and the tricorn protease of T.
In eukaryotes, the major specificity factors for degradaacidophilum, have been likened to the proteasome in tion are displaced still further with the development of their structural organization ( Figures 3A and 3B ). In the the ubiquitin-conjugation machinery, which can function case of the hexameric protease Gal6, the crystal strucindependently of the proteasome. Through such steps, ture clearly shows a narrow (22 Å ) axial channel leading simple proteases have been replaced by elaborately to a cavity containing the active sites (Joshua-Tor et al., regulated proteolytic pathways. 1995). Tricorn similarly exists as a hexamer but is also capable of further assembly into a remarkable capsidSelected Reading like structure of approximately 50 nm in diameter (Tamura et al., 1996) . Tricorn can also assemble with addi-
